Numerous applications of electrotextiles and flexible circuits have been identified that can advance systems performance for many commercial, military, and aerospace devices. Several novel uses of electrotextiles have been developed for lab testing, while others have been utilized in products on the commercial market, as well as items that have flown in space. ILC Dover, Inc. has utilized conductive fibers in various inflatable and tensile structures for signal transmission and electrostatic charge protection. Conductive and pressure sensitive textiles have been incorporated in the advanced development space suit (I-Suit) as switch controls for lights and rovers, and as signal transmission cables. Conductive fibers have been used in several stitched applications for electrostatic charge dissipation. These applications include large pharmaceutical containment enclosures where fine potent powders are being captured for transfer between manufacturing facilities, as well as impact attenuation airbags used in landing spacecraft on the surface of Mars. In both cases, conductive threads are uniquely located in seams and panel locations to gather and direct charge through surface fibers and panel interconnects. Conductive fibers have also been utilized in a conformal Sensate Liner garment for the identification of wound locations and medical sensor signal transmission for soldier health monitoring while on the battlefield. The performance challenges of these structures require a careful, systematic application of electrotextiles because of the flexing, straining, and exposure of the materials to harsh environments. ILC has also been developing "gossamer" spacecraft components utilizing unique materials and multi-functional structures to achieve extremely low mass and low launch volumes. Examples of large deployable structures featuring very thin, large flexible circuits for use in space include synthetic aperture radar (SAR) antennas, communications antenna reflectarrays, and active variable reflectance solar sails. Design and materials challenges of electrotextile and large-area flexible circuit membrane structures as demonstrated in engineered applications will be discussed in this paper.
INTRODUCTION
Electrotextiles (or e-textiles) are becoming an emerging field in both research and industry. The possibilities that this technology holds seem almost limitless. Currently, e-textiles are being developed for many applications, including biomedical sensing, wearable computing, and large area sensors. Once developed, these concepts will be readily applicable to many existing products. In a world which is becoming rapidly interconnected by technology, the addition of e-textile components to everyday products, as well as specifically targeted designs, will provide the ability to enhance product performance and provide new and unique services to customers.
ILC Dover, Inc. (ILC) has been exploring the use of e-textiles, including both conductive fibers and films for decades. Early efforts included the development of specialized electrostatic discharge systems, integral heating systems, and electromagnetic interference shielding for inflatable structures. One of the first true e-textile, or wearable computer, applications developed by ILC was the Sensate Liner garment, which was developed in 1996. Designed as a threadbased sensor array, this garment was intended for battlefield wear, allowing for physiological monitoring of personnel. ILC has also used conductive fibers in textile structures, such as the Mars Pathfinder airbags, and pharmaceutical containment products. Both of these structures use conductive fibers to dissipate electrostatic charges that build up during normal system use. Conductive materials, in the form of thin film membranes, have also been used as traces in circuits for inflatable, rigidizable gossamer spacecraft components such as antennas and solar sails. In these cases, the thin film circuits enable various designs by yielding very large packing volume and mass advantages over conventional structures. This paper will discuss the design of several different types of components incorporating e-textile devices and the materials challenges faced when designing these types of systems for harsh environments.
E-TEXTILES Sensate Liner
The Sensate Liner concept was developed by the Naval Research and Development Center for monitoring the medical condition of battlefield personnel by way of an instrumented uniform. The uniform was envisioned to be form fitting and configured with an array of sensors for monitoring the wearers physiological conditions, which were then to be transmitted to a central location from a body-worn processor and antenna. The sensor suite was selected to improve triage for combat casualties. Several industrial and academic research teams were sponsored in the effort, including ILC Dover, Mission Research Corporation, and the Georgia Institute of Technology [1] . Numerous components were studied and prototyped but the concept has yet to continue beyond the research stage. The backbone of the sensate liner is the flexible conductive fiber circuitry that is woven into the garment. The system developed by ILC in the 1996-1997 timeframe consisted of conductive circuit, which acted as the transport mechanism for the distributed sensors, but also as a sensor grid for identifying the location of ballistic penetrations from munitions or shrapnel ( Figure 1 ). A prototype unit was developed to prove the functionality of the approach regarding comfort, fit, durability, and penetration location sensing [2] .
The prototype sensate liner consisted of a two-piece, form-fitting vest designed for battlefield wear. The vest was embroidered with a set of rows and columns, using a conductive thread (Figure 2) . Each row or column was manufactured from a large zigzag pattern that facilitated large elongation in the garment, which was key to achieving the form fitting requirement. This approach kept the sensors in close contact with the user's body allowing improved functionality and facilitated the dissipation of excess body heat. Each row and column was scanned using microprocessor multiplexing for end-to-end continuity. In doing so, it was possible to check for ballistic penetration of the vest and, by noting the row and column of any discontinuities, identify the location of that penetration. The embroidery of conductive traces into the garment also enabled the integration of embedded sensors into the garment for physiological monitoring of personnel.
Several types of material were considered for the base fabric of the vest. Candidate fabrics were focused on lightweight polypropylene/lycra materials, since they provided high elongation, conformal fit, and moisture wicking. Four types of fabric were examined: 86% polyproplyene/14% lycra (9.8 oz./yd), 86% polyproplyene/14% lycra (12.5 oz./yd), 63% polyproplyene/27% lycra, and 84% coolmax/16% lycra. Selection was based upon comfort, durability, weight, interface of components, ease of production, and cost. Based on these factors and sewn samples, the 86% polyproplyene/14% lycra (9.8 oz./yd) material was chosen as the base fabric for the sensate liner vest.
Two conductive thread systems were evaluated for use in the sensate liner. The first system was nylon thread coated with silver and the second system was a single carbon fiber monofilament wound around a twisted nylon yarn. Several samples of each thread system were tested and evaluated based on flex, abrasion, electrical properties, and ease of use in sewing. Flex and abrasion testing of the carbon monofilament wrapped thread showed that this type of thread was easily damaged. Due to this and high electrical resistance of the thread, the carbon wrapped thread was considered unacceptable for use.
Four silver-coated thread candidates were evaluated, three of which were obtained from Sauquoit Industries, Inc. (now Laird Inc.) and one from Synthetic Thread Co. The candidates included a 200 denier silver coated Nylon type 6.6, a 300 denier silver coated Nylon type 6.6 with a Nylon binder for improved yarn cohesion, a 900 denier silver coated Nylon type 6.6, and a 200 denier silver coated Nylon type 6.6 with a Teflon binder for improved yarn cohesion. All of these candidates were found to have acceptable physical properties, flex and abrasion testing, and electrical properties. This data is summarized below in Table 1 . From these four samples, aInvestigations were also conducted to evaluate methods of binding, bonding, or connecting conductive thread components to other sensate liner components. Thread-to-thread interfaces were evaluated, and connection of thread-to-film and fabric substrates was also conducted, to evaluate durability and ease of interface. Candidate materials evaluated were epoxy based two-part systems and ink based materials. Generally, both of these types of materials could be categorized into two groups: high resistivity carbon loaded materials or low resistivity silver loaded materials. The carbon loaded epoxies were generally found to have high adhesion to conductive thread, fabrics, and films, but suffered from poor electrical properties, including high volume resistivity (normally used for static dissipative use only) and poor performance following flexing. These materials were eliminated from further testing, with primary focus on the remaining silver loaded candidates.
Silver loaded epoxies are the most popular substitute for "solders" in the electronics industry. Their volume resistivity is low, and while somewhat costly, they can be applied in small amounts with good adhesion and conductivity results. All epoxy systems evaluated consisted of two components (Part A and B). Application is typically accomplished using a syringe, applying a small bead at the transition of thread-to-thread, or thread-to-termination or film. These epoxy systems are high modulus materials, which makes them susceptible to flex degradation. They are not suitable for long traces. A variety of manufactures provide similar materials, including Mavidon, Epoxies etc., Poly-flex, DuPont, and Magnolia Plastics. Table 2 lists the physical properties of the epoxies evaluated under the sensate liner program. Primary emphasis for panel interface design was focused on the selection of conductive ink systems, which have been found to be acceptable candidates for integration of conductive thread systems to the film buses utilized on the garment. These inks exhibit similar electrical properties when compared to their epoxy counterparts, but with improved handling and application features. The inks may be applied straight from the container (no mixing ratios), and cure rapidly. While not considered suitable for thread-to-thread interfaces, the bond strength of the ink to polyester film substrates in combination with taped reinforcements provides a reliable, repeatable method of attaching conductive thread to the bus. Table 3 outlines the physical characteristics of these inks. Bench testing of representative test panels of the sensate liner demonstrated the garment's ability to sense ballistic penetration location, with a resolution of 0.04 to 0.08 inch particle size, via the multiplexing microprocessor. The sensate liner project successfully demonstrated the concept of a wearable garment with an embroidered conductive circuit. For its time, this project offered proof-of-concept of several new technologies. These included the ability to sew a circuit onto a flexible substrate, the ability to interface a microprocessor to the conductive backplane of a garment, the ability to create conductive element interconnects, and lastly the ability to detect small particle penetrations and their locations based on a thread-based sensor grid.
Extravehicular Activity Space Suit
ILC designs and manufactures the softgood components of the current NASA Shuttle Extravehicular Mobility Unit (EMU), or space suit. The challenges in designing an inflatable pressure suit for life support often lie in the balance between maintaining the required internal pressure/shape of the suit and in providing the suited subject enough mobility to complete their assigned tasks. While the current suit performs well in zero gravity, a different type of suit will be required to meet the astronaut's needs for planetary surface exploration and for improved productivity in zero gravity operations of the future [3] . In this light, ILC Dover, Inc. has been developing the I-Suit, an advanced, high-mobility suit that incorporates enabling technology enhancements ( Figure 3 ). E-textiles are ideal for integration into the space suit because they do not interfere with the base functionality of the suit and yet enhance functionality. Many different uses of e-textiles are under study for use in the space suit, including textile switches, actuators for strength augmented mobility joints, embedded communications antennas, physiological monitoring and environmental sensors, and force/range-of-motion garments for performance testing evaluation.
The first application to be tested at the suit level was textile switches. The two items that were controlled via the switches were a robotic rover assistant, and helmet mounted lamps.
ILC worked with Softswitch Ltd., to create pressure sensitive textile switches and cabling that was embedded within the materials layers of the space suit for evaluation. Softswitch products are based on Peratech materials that are referred to as quantum tunneling composites [4] . These proprietary materials consist of an elastomer that is loaded with fine metallic particles, and can be formed into any shape desired. A quantum mechanic phenomenon known as electron tunneling allows current to pass between conductor particles, which are not in physical contact with each other. Since the dependence of the tunneling current to the particle separation is exponential, this gives large resistance changes in the material for relatively small changes in particle separation due to compression or tension in the material (Figure 4 ). This principle is used to create composite materials with a bulk resistance that is proportional to the pressure applied to it, or stress induced in it from deformation. The space suit switches are designed for rugged use in flex, thermal, and dust environments.
It is hypothesized that e-textile switches will not cause the fatigue usually observed when dexterous tasks are completed using pressurized gloves. Fatigue is typically caused when the suited subject is continually working against the preferred position of the pressurized glove to accomplish tasks. Since the e-textile switches selected are pressure sensitive, an astronaut can activate them using a fingertip, without needing to work against the glove pressure to grip an external controller or activate a traditional switch. This hand posture has previously been shown to yield a lower perceived workload in completing tasks as opposed to more traditional controllers. [5] Currently, surface exploration of Mars is expected to include the use of an astronaut assistant robotic rover. Since the astronaut will need control of such a robot, at least in a supervisory capacity, integrating control of the rover into the I-Suit itself has been investigated. Pressure sensitive e-textile switches have been incorporated into the I-Suit that allow the suited subject basic control of a rover using several switches located on the wrist cuff of the suit glove ( Figure 5) . A second set of switches was also placed on the shoulder of the suit that allows control of the suit's helmet-mounted lights ( Figure 5) . These e-textile functions have been demonstrated in laboratory activities in 2002. Test subjects indicated that the switches did not hinder their mobility or comfort, and have withstood thousands of cycles in mobility testing. Testing under simulated Low Earth Orbit space environmental and Mars surface conditions is scheduled for 2003. These tests will prove thermal vacuum stability, performance at thermal extremes, and operational variability and life in anticipated use environments.
A new e-textile design effort has just begun to introduce the ability to reposition the scye (shoulder) openings on the I-suit to accommodate various mobility needs as they arise such as climbing, hammering, or simple walking. The use of synthetic muscles strategically positioned on the upper torso is also under investigation to enable this function. These and other uses of multi-functional e-textile systems will continue to be explored as the I-suit system evolves.
ELECTROSTATIC DISSIPATION SYSTEMS
Many textile products incorporate conductive fibers for static dissipative purposes. Although these are not electronic textiles in the modern sense, they do represent examples of the application of similar materials and processes for use in sometimes-harsh environments, which must be highly reliable in their function. Therefore, several examples are presented here for review to potentially derive design and manufacturing information through commonality in overall design approach between e-textile systems and static dissipative systems. 
Pharmaceutical Powder Containment
The pharmaceutical industry has recently adopted a method of transferring high potency powders between mixing vessels, or for powder storage, via flexible containment systems. These systems consist of thin membrane transfer bags, which contain the dispensed powder, and outer support restraint systems that support the powder weight, protect the membrane from handling hazards in transit, and assist in the dispensing operation [6] . During these operations, it is critical to limit charge build-up on the interior or exterior of the containment system, as powder or solvent ignition is a hazard. Therefore, the liner membrane material and the restraint are both equipped with static dissipation capability.
The membrane material is a specially formulated polyethylene that contains anti-static compounds, which can dissipate accumulated charge to prevent arcing. The materials are tested to a minimum ignition energy of 0.12 mJ. The restraint material is polypropylene and has a repeated pattern of conductive thread traces woven throughout. The conductive traces are comprised of silver plated 900 denier Nylon thread. This same thread is used in the fabrication of the seams to ensure charge transfer between panels. During operation and transport (vibration environment), it is critical that the silver coating on the fiber remain intact and functional at conductive thread intersections, seam locations, and on the panel faces when in contact with the liner material. The coating has therefore been designed to withstand oxidation and abrasion. "Interconnections" are achieved only through surface area contact of the crossing fibers and is facilitated by compactness of the weave and stitching in the seams. The spacing of the dissipative pattern has also been sized to provide some redundancy if any conductive paths are lost in operation. It was critical that a flexible fiber system be used, as opposed to a wire that could potentially fracture and penetrate the membrane liner.
The restraints are designed to be used multiple times, and therefore they are flexed numerous cycles including a hard packing operation. This in addition to being dragged and scuffed during operation which challenges the durability of the material. The restraints also support considerable loading when filled which tensions the fibers statically as well as dynamically during transport. Because of their proven capability, these materials are in use in pharmaceutical manufacturing facilities around the world. 
Mars Impact Airbags
The Mars Pathfinder Project, one of a series of low cost Discovery Program missions, launched an unmanned probe to Mars in December 1996, which successfully landed July 4, 1997 [7] . In addition to its scientific surface operations, it demonstrated a low cost entry, descent and landing (EDL) system that differs in its terminal phase from the propulsive vernier systems used in the Viking missions of the 1970's. After braking and deceleration by a Viking style heat shield and parachute, landing was achieved by a combination of bridle-mounted retro-rockets and an airbag impact attenuation system. The Pathfinder lander was a 640 lb tetrahedron structure. After retro firing and bridle release, it approached the surface at up to 66 ft/s velocity magnitude in any direction or orientation. A packaged airbag was mounted to each of its four faces (Figure 8) . The airbag subsystem consisted of four connected airbags and three gas generators that inflated them.
Of critical importance to the success of the mission was the control of static charge buildup and grounding of the spacecraft throughout the landing event. The airbag system was equipped with conductive threads embedded into selected seams, which provided a grounding path between the lander and the surface of Mars (Figure 9 ). This prevented the potential for arc formation between the rover and the planet's surface during the initial traverse onto the surface, which could have critically damaged electrical systems on the rover.
The conductive thread used was a silver plated, 900 denier thread which had a resistivity of approximately 18 ohms/inch. A zig-zag stitch was used in the conductive seam to provide a large surface area to distribute contact potential and to allow seam elongation during the high stress inflation and impact event. A stainless steel braided wire was sewn into the termination of the seam and acted as an electrical bridge from the airbag system to the lander itself. The conductive circuits also had to withstand exposure to various extreme environments prior to operation and were tested extensively to verify performance. The system was cold-soaked at approximately -112 o F in hard vacuum for 7 months during the transit to Mars and then withstood the shock of the deployment event, which occurred in less than 1 second. The landing event brought the airbag materials into contact with jagged rocks while the system bounced multiple times, rolled, and came to rest on the surface. Extensive system level impact testing was conducted under Mars environmental conditions and onto inclined surfaces populated with representative rocks, to demonstrate system function under limit conditions. The seams were flexed and creased extensively during manufacture, handling during test, and in packing on the spacecraft. The entire system was heat sterilized to destroy any bio-matter prior to flight by heating it to 257 o F for 5 hours. The system performed without degradation during test and in actual use on the surface of Mars. A similar system is now under construction for the Mars Exploration Rover (MER) program being managed by JPL, which will utilize a similar airbag and electrostatic discharge system during the landing event scheduled for 2005.
FLEXIBLE FILM CIRCUITS
Numerous developments are ongoing for the creation of large deployable space structures such as antennas, solar sails, and telescopes. Highly flexible thin-film materials will enable the construction of systems that can be packaged into extremely small volumes for launch and subsequent deployment in space. In some cases, the application is driven by the need for flexible circuitry that is topically applied to membrane structures. In others, the application requires membranes with variable properties for performance enhancement. A specific application of thin film circuits is described below, but many similar applications are under development. Design and manufacturing techniques developed in space based applications may lead the way for terrestrial applications such as intelligent skins in lighter-than-air vehicles, or giant area wallpaper electronics.
Synthetic Aperture Radar
In order to improve launch volume efficiency and reduce payload weight for orbital earth remote sensing applications, low-mass membrane-based Synthetic Aperture Radar (SAR) array concepts are being developed. One such system is an inflatable deployable SAR that was developed by the Jet Propulsion Laboratory (JPL) and ILC [8] . The full-scale array will be a 33 ft x 10 ft structure consisting of three metallized thin membranes that are deployed for L-band operation with dual polarization. These membranes are supported by an inflatable tubular frame structure that is rigidized subsequent to deployment, this eliminates the need for maintenance of the inflation gas. The entire assembly is flexible before deployment and is rolled up onto the spacecraft bus. Inflation of the tube structure unrolls the assembly in a controlled linear fashion from the spacecraft bus. The demonstrator produced was a working one-third scale assembly, measuring~13 ft x 5 ft (Figure 10 ).
The antenna was comprised of three membranes positioned vertically over one another in a highly toleranced placement: the ground plane, the radiating patch, and the microstrip transmission line membranes. Each of the membranes were created from three separate strips of etched copperon-Kapton that were trimmed, seamed, and electrically joined to form the complete membrane structure for the antenna.
The RF membranes were made of Sheldahl's Novaflex material, a 2 mil polyimide film with 5 micron thick copper on one side. An acrylic top-coat was applied to the copper for protection. Due to the manufacturing width limitation of the Novaflex material, it could not be provided as a single piece for each membrane.
To remove wrinkles and ensure flatness in each membrane, a catenary system was designed and installed around each membrane perimeter. Coupled with the inflatable frame structure, the catenary transferred approximately 0.1 lb/in load into each membrane. This load was determined to be sufficient to eliminate surface wrinkles when tensioned.
To create an electrical connection, the connectors were attached at six locations on the radiating patch membrane and at six locations on the microstrip transmission line membrane. Figure 11 shows the cross section through both connectors. Continuity was established through the tip of the connector with a silver loaded conductive epoxy. The SAR system performed well through approximately 30 deployment trials, and met RF performance requirements when tested in a JPL near-field antenna range. Aspects of the SAR design are being applied in an ongoing Space Based Radar program for military applications.
SUMMARY / CONCLUSIONS
Conductive fiber and thin-film membrane materials technology has advanced to the point where various government and commercial applications of e-textile and large area membrane circuits are practical and are being fielded. ILC Dover has demonstrated e-textile technologies in space suits for textile switches and cabling, and soldier ballistic penetration and physiological monitoring devices. Many of the base components of e-textile technology are utilized in related applications such as electrostatic charge dissipation. The materials and processing techniques used in the Mars Pathfinder airbag and pharmaceutical containment systems for electrostatic dissipation are similar to various e-textile applications under development today and can be used as a basis of technology development for future e-textile efforts. Another technology area that is gaining attention for large area e-textile applications is thin-film membrane circuits. Numerous space-based systems, such as synthetic aperture radar antennas, have been developed and have successfully utilized this technology to achieve high packing volume and mass advantages over conventional structures. Much of the technology developed for space use has application in the various large area structures being proposed for terrestrial applications such as intelligent lighterthan-air vehicle envelopes and large area sensor arrays.
